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A B S T R A C T

Satellite remote sensing altimetry data have demonstrated that wintertime low sea level anomaly off north
western Luzon (NWL-SLA) is a common feature. The genesis of the wintertime low NWL-SLA and its response to 
the most recent two super El Niño-Southern Oscillation (ENSO) in 1997–1998 and 2015–2016 are explored by 
conducting a series of numerical experiments based on a well-validated three-dimensional South China Sea (SCS) 
model. Our analysis emphasizes that the generation of low NWL-SLA and its super-ENSO-related variability are 
triggered by different dynamical processes. The wintertime local positive wind stress curl off northwestern Luzon 
serves as the primary driver of low NWL-SLA formation. However, remote signals originating in the tropical 
western Pacific Ocean represent the dominant source to regulate the super-ENSO-related changes in NWL-SLA, 
rather than the variabilities of local wind stress curl and ocean currents in the vicinity of Luzon Strait. These 
remote signals originate from the baroclinic component of sea level changes and propagate westward at speeds of 
the first-mode baroclinic Rossby wave; subsequently, they enter the SCS clockwise through the southernmost gap 
of Sibutu Passage and Mindoro Strait at speeds of the baroclinic coastal Kelvin wave. Furthermore, faster wave 
propagation speeds are observed during La Niña years than El Niño years because of the greater reduced gravity 
associated with stronger stratification during La Niña years.

1. Introduction

The northern South China Sea (SCS), particularly in the region off 
northwestern Luzon (hereafter NWL, defined by the white frame in 
Fig. 1; 117.5◦E-121◦E, 16.5◦N-20◦N), has been suggested to be charac
terized by a prominent low sea level anomaly (SLA) in winter (Shaw and 
Chao, 1994; Shaw et al., 1999; Qu, 2000; Liu et al., 2008). This low SLA 
is often associated with the cyclonic circulation driven by the north
easterly winter monsoon or cold-core cyclonic eddy known as the Luzon 
Cold Eddy or West Luzon Eddy (Shaw and Chao, 1994; Qu, 2000; Wu 
and Chiang, 2007; Liu et al., 2008). Understanding the dynamics gov
erning the formation and variability of this low SLA is crucial, as it 
fundamentally regulates the regional ocean circulation, sea level (SL) 
gradients, and upper-ocean thermal structures in the northern SCS, 
further influencing regional climate and biogeochemistry (Liu et al., 
2002; Xie et al., 2003; Isoguchi and Kawamura, 2006; Voss et al., 
2006; Zhao and Tang, 2007; Hein et al., 2013; Kämpf and Chapman, 
2016; Xiao et al., 2018, 2019, 2020a, 2020b; Ngo and Hsin, 2021; 

Umasangaji and Ramili, 2021, 2024). In addition to its pronounced 
seasonal lifecycle, the wintertime low NWL-SLA exhibits significant 
interannual variability that is closely tied to the El Niño-Southern 
Oscillation (ENSO) (Wu et al., 1998; Wu and Chang, 2005). Wu and 
Chang (2005) identified unusual warming and positive SLA in the 
NWL during the winter of 1998. However, the exact processes leading to 
these dramatic SL fluctuations during super ENSO events remain to be 
fully elucidated.

To clarify super-ENSO-related changes in the wintertime low NWL- 
SLA, we first examine whether mean wintertime sea level can respond 
consistently to “super ENSO” (defined by Oceanic Niño Index > 2 ◦C; 
Chen et al., 2017; Santoso et al., 2017) based on the Data Unification and 
Altimeter Combination System (DUACS) satellite altimeter gridded ab
solute dynamic topography (ADT). Here, “super ENSO” is used to ex
press a complete super ENSO cycle, which is defined as the progression 
from a normal pre-El Niño year, through a super El Niño year (Oceanic 
Niño Index > 2 ◦C), and subsequently to a super La Niña year (Oceanic 
Niño Index < − 2 ◦C).
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On the climatological December mean ADT map (Fig. 1a), low ADT 
anomaly is apparent in the NWL. As focused on the most recent two 
super ENSO events of 1997–1998 and 2015–2016, the ADT fluctuation 
follows a ranking as medium during normal years, low during El Niño 
years, and high during La Niña years, i.e., lower in December 1997/ 
2015 (super El Niño years; Fig. 1c and S1b) and higher in December 
1998/2016 (super La Niña years; Fig. 1d and S1c) compared to 
December 1996/2014 (normal pre-El Niño years; Fig. 1b and S1a) and 
the climatological December average (Fig. 1a). This ranking order held 
true from November but was disrupted in January (figure not shown).

The present study focuses on clarifying the dynamical processes 
underlying the wintertime low NWL-SLA, including its formation 
mechanism and response to super ENSO of 1997/1998 and 2015/2016 
when the Oceanic Niño Index reached extraordinary amplitudes greater 
than 2 ◦C in the central equatorial Pacific Ocean (Chen et al., 2017; 
Santoso et al., 2017) and had great socioeconomic impacts (Bouma 
et al., 1997; McPhaden et al., 2006; Chen et al., 2015). Several 
competing mechanisms have been proposed regarding the genesis and 
interannual modulations of the NWL-SLA. On one hand, local atmo
spheric forcing, specifically the basin-scale or local positive wind stress 
curl (WSC) associated with the northeasterly winter monsoon, has been 
widely reported as a primary driver of the seasonal cyclonic circulation 
and the subsequent depression of sea level in the northern SCS (Chao 

et al., 1996; Qu, 2000). On the other hand, remote oceanic processes 
originating from the Pacific Ocean are argued to exert dominant controls 
on the interannual timescales (Zheng et al., 2007; Wu, 2013; Zhuang 
et al., 2013; Li et al., 2021). Zheng et al. (2007) attributed the inter
annual SLA off northwestern Luzon to variations in the Kuroshio intru
sion through the Luzon Strait and the associated Luzon Strait transport 
(LST), which can directly modulate the upper-ocean thermal structure 
and regional sea surface height gradients via geostrophic adjustments 
and vorticity injections. Wu (2013) further connected the interannual 
LST with North Equatorial Current bifurcation latitude and showed that 
the influence of the ENSO on the Kuroshio intrusion and SLA off 
northwestern Luzon is significant only during Pacific Decadal Oscilla
tion (PDO) cold phase. Conversely, Zhuang et al. (2013) suggested 
another pathway toward the opposite direction based on a 
wave-interconnection mechanism: Pacific basin winds excite 
low-frequency baroclinic Rossby waves, which trigger coastal Kelvin 
waves to travel clockwise along the Philippine coast. These waves 
propagate into the Sulu Sea and eastern SCS, thereby modulating the 
regional SLA on interannual-to-decadal scales. Recently, Li et al. (2021)
also verified that the Mindoro-Sibutu pathway acts as a critical conduit 
for transferring multi-layer circulation signals between the western Pa
cific Ocean and the SCS.

Despite these insights, a systematic differentiation between the 

Fig. 1. (a) Climatological December mean absolute dynamic topography (ADT; unit: m) averaged over 1993–2023. Horizontal distributions of December mean ADT 
(unit: m) in (b) 1996, (c) 1997, and (d) 1998. (e) Time series of monthly Oceanic Niño Index (ONI; unit: ◦C https://www.cpc.ncep.noaa.gov/products/analysis_monit 
oring/enso/oni/v5/; curve) versus the December mean ADT averaged in the NWL (star; NWL-ADT). The ADT is obtained from the Data Unification and Altimeter 
Combination System (DUACS). The NWL-ADT is the ADT averaged over the white-outlined box and ADT on grid with bottom topography < 500 m is excluded in the 
calculation. The values in the upper-left corner of (a)-(d) indicate the corresponding NWL-ADT.

T.-L. Chiang et al.                                                                                                                                                                                                                              Ocean Modelling 205 (2027) 102817 

2 

https://www.cpc.ncep.noaa.gov/products/analysis_monitoring/enso/oni/v5/
https://www.cpc.ncep.noaa.gov/products/analysis_monitoring/enso/oni/v5/


factors responsible for the basic genesis of the low NWL-SLA and the 
drivers of its super-ENSO-related variations has been lacking. To bridge 
this gap, the main objective of this study is to investigate the detailed 
dynamical processes and pathways controlling the NWL-SLA under 
super-ENSO-induced forcing based on a well-validated three-dimen
sional South China Sea model (SCSM) through five groups of numerical 
experiments. The remainder of this paper is organized as follows. 
Section 2 briefly describes the data and SCSM. Section 3 thoroughly 
investigates the genesis of the wintertime low NWL-SLA. Section 4 ex
amines the mechanisms driving super-ENSO-related NWL-SLA. Section 5
provides the discussion of the inconsistency between the NWL-SLA and 
vertical velocity variation during super ENSO. Section 6 concludes the 
main findings.

2. Data and model

2.1. Satellite altimeter data and Oceanic Niño Index

The absolute dynamic topography (ADT) used in this study is ob
tained from Data Unification and Altimeter Combination System 
(DUACS) satellite-altimeter gridded sea surface height dataset. This 
product (https://doi.org/10.48670/moi-00148) is processed by the 

DUACS multimission altimeter data processing system, in which 
satellite-altimeter gridded ADT is computed with respect to the mean of 
1993–2012, and estimated by Optimal Interpolation, merging the L3 
along-track measurements from the different altimeter missions avail
able. The DT2024 version with a horizontal resolution of 0.125◦ and a 
temporal interval of one day in 1993–2023 is adopted.

The index used to present the occurrence of ENSO is the Oceanic 
Niño Index (ONI; https://www.cpc.ncep.noaa.gov/products/analysis 
_monitoring/enso/oni/v5/) provided by Climate Prediction Center, 
National Oceanic and Atmospheric Administration (NOAA). Based on 
the Extended Reconstructed Sea Surface Temperature version 5 (ERSST. 
v5) dataset, the ONI is 3 month running mean of sea surface temperature 
anomaly averaged in the Niño 3.4 region (5◦N-5◦S, 120◦W-170◦W), 
based on centered 30-year base periods updated every 5 years. The ONI 
uses a three-month running average to make it more stable for deter
mining El Niño/La Niña events and avoid the impact of anomalous 
fluctuations from single month on the assessment.

2.2. South China Sea model

Based on the Princeton Ocean Model (Mellor, 2004), we have built 
up the SCSM with a domain covering the entire SCS basin and part of the 
western Philippine Sea. The SCSM has a resolution of 1/20◦ with a 
domain extending from 99◦E to 130◦E in longitude and from 1◦N to 
27◦N in latitude (Fig. 2), and 26 sigma levels in the vertical. This model 
is upgraded from Wu and Chiang (2007) and Chiang et al. (2008, 2011). 
At the open boundaries of the SCSM, sea surface height, velocity, tem
perature, and salinity are specified from the daily output of a global data 
assimilation product, the 1/12◦ global Hybrid Coordinate Ocean Model 
(HyCOM; https://www.hycom.org/). At the sea surface, the SCSM is 
forced by 6-hourly wind stress, daily sea surface temperature, and daily 
heat fluxes obtained from the fifth generation European Centre for 
Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis 
(ERA5) of global climate (Copernicus Climate Change Service, 2017; 
Hersbach et al., 2020). Initialized from the sea surface height, temper
ature, salinity, and velocity data of HyCOM on January 1, 1994, the 
SCSM is spun up for one year. Sequentially, the SCSM is run for the 
period 1995–2023, and the daily output is used for analysis in the pre
sent work. This simulation is hereafter named as Control Run (CTL).

Validations with observed temperature from a long-term mooring 
station in the northern SCS (SouthEast Asian Time-series Study station; 
SEATS) and flow velocity from two mooring stations in the SCS have also 

Fig. 2. The bathymetry (unit: m) of SCSM.

Fig. 3. (a) Time series of December mean sea surface height (SSH; unit: m) derived from the CTL (black) versus December mean absolute dynamic topography (ADT; 
unit: m) of DUACS (gray) during the period of 1995–2023, and horizontal distributions of CTL-simulated December mean SSH in (b) 1996, (c) 1997, and (d) 1998. In 
(a), the SSH and ADT are area-averaged over the NWL (white-outlined box in b-d). In (b)-(d), the values in the upper-left corner represent the area-averaged SSH over 
the NWL.
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been repeated for the CTL as done by Wu and Chiang (2007). Then, 
comparisons between the CTL and DUACS are also performed for sea 
level, the target variable of the present study. The spatial pattern cor
relation coefficients for the annual march of climatological monthly sea 
level distribution in the SCS are greater than 0.96 (Figure S2) and those 
for monthly sea level distribution during 1995–2023 range between 
0.79 and 0.94 with a mean of 0.91±0.03 (Figures S2 and S3). The time 
series of simulated December mean modeled sea surface height vari
ability averaged over the NWL generally reflects the December remotely 
sensed NWL-ADT for the period 1995–2023, with a correlation coeffi
cient of 0.71, especially for the two super ENSO of 1997–1998 and 
2015–2016 (Fig. 3a). The spatial distributions of super-ENSO-related 
changes in NWL-SLA are also well reproduced by the CTL, with high 
spatial pattern correlation coefficients of 0.91–0.96 (red stars in 

Figure S3). The SCSM consistently reproduces not only the mean state 
but also the interannual variability, thereby demonstrating the model's 
reliability in capturing super-ENSO-induced anomalies (Figures S4 and 
3b-3d). All validation results support the suitability of the SCSM in the 
study and demonstrate that the model is well-suited for elucidating the 
underlying mechanisms governing super-ENSO-related changes in the 
NWL-SLA.

Besides the CTL, five groups of additional experiments (39 experi
ments in total) are designed to further elucidate the roles of winds inside 
or outside the SCS in controlling NWL formation and to identify the 
dominant factors underlying super-ENSO-related changes in the NWL- 
SLA. For consistency and simplification, all experiments in the five 
groups are initialized from climatological December mean conditions 
(long-term average over the period of 1995–2023; hereafter DEC) for 
SSH, temperature, salinity, and velocity from HyCOM, and are forced by 
climatological DEC sea surface temperature and heat fluxes from ERA5 
at the air-sea interface. The experiments differ in their wind fields and 
open boundary conditions according to the specific objectives of each 
group. All experiments require at least three months to spin up from the 
climatological DEC initial conditions (figure not shown), and their 
simulation duration is adjusted based on the requirements of each 
group. Details of each experiment are provided in the following sections 
where they are discussed.

Table 1 
Summary of group 1 numerical experiments.

Group Case 
Name

Wind Lateral Boundary 
Condition (LBC)

1 ClmDec Climatological December average 
over 1995–2023 (CLM-DEC)

CLM-DEC

NoWind wind stress = 0
NoWSC Homogeneous northeasterly at wind 

stress of 0.1 N/m2

Fig. 4. Wind fields and simulated SSHs for the experiments of Group 1. (a) Climatological December mean SSH over 1995–2023 simulated by the CTL. (b, c) Wind 
field and simulated SSH for ClmDec. (d) simulated SSH for NoWind. (e, f) Wind field and simulated SSH for NoWSC. In Group 1, simulations are run for one year and 
the averages of the last two months are plotted to remove high-frequency noises. The values in the upper-left corner of SSH plots represent the area-averaged SSH 
over the NWL (white-outlined box). Units of WS, WSC, and SSH are N/m2, N/m3, and m, respectively.
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3. Genesis of low NWL-SLA

Shaw et al. (1996) first proposed that the wintertime low NWL-SLA is 
driven by remote forcing from SCS basin-scale circulation rather than 
local offshore Ekman transport induced by southward wind stress (WS) 
along the western coast of Luzon. Subsequent studies suggested that 
basin-wide positive WSC in the SCS serves as the primary driving force 

for low NWL-SLA formation (e.g., Chao et al., 1996; Chu et al., 1998; Qu, 
2000; Liu et al., 2002; Martin and Villanoy, 2007; Wang et al., 2010; Lu 
et al., 2015; Hu and Wang, 2016). To identify the respective roles of WS 
and WSC in generating the low NWL-SLA, we conducted three experi
ments (Group 1 in Table 1). Each experiment was run for one year, with 
outputs from the final two months used for analysis.

Driven by the climatological December wind field (see wind pattern 
in Fig. 4b), the first experiment (ClmDec) is conducted to determine 
whether December wind alone can establish the basic features of the 
wintertime SCS sea level distribution. In this simulation, a typical 
wintertime SSH pattern is reproduced (cf. Fig. 4a and c). Subsequently, 
the typical basin-wide SSH pattern fails to develop and the SSH off 
western Luzon rises significantly in both the NoWind experiment 
(Fig. 4d), where the wind is set to zero, and NoWSC experiment (Fig. 4f), 
which is driven by a homogeneous northeasterly wind field with a 
magnitude of 0.1 N/m² (i.e., no WSC; see wind pattern in Fig. 4e). Thus, 
we can conclude that the low NWL-SLA is generated by the WSC directly 
rather than by the WS or the Luzon Strait transport, and the local pos
itive WSC west of Luzon is the main driver.

4. Mechanisms underlying super-ENSO-related changes in the 
low NWL-SLA

To elucidate how the low NWL-SLA responds to super ENSO, we 
performed four groups of experiments (Groups 2–5) using the three 

Table 2 
Summary of Groups 2 and 3 numerical experiments.

Group Case 
Name

Wind Lateral Boundary Condition 
(LBC)

2 WB96d December mean (DEC) of 
1996

DEC of 1996

WB97d DEC of 1997 DEC of 1997
WB98d DEC of 1998 DEC of 1998

3 W96B96 6-hourly wind in July- 
December (6HR) of 1996

Daily HyCOM in July- 
December (DHyCOM)  
of 1996W97B96 6HR of 1997

W98B96 6HR of 1998
W96B97 6HR of 1996 DHyCOM of 1997
W97B97 6HR of 1997
W98B97 6HR of 1998
W96B98 6HR of 1996 DHyCOM of 1998
W97B98 6HR of 1997
W98B98 6HR of 1998

Fig. 5. Simulated SSH (unit: m) in the experiments of Group 2. (a) WB96d, (b) WB97d, and (c) WB98d. Experiments are run for one year and the averages of the last 
two months are plotted to remove high-frequency noises. The values in the upper-left corner of SSH plots represent the area-averaged SSH over the NWL (white- 
outlined box).

Fig. 6. December NWL-SSH (unit: m) simulated by (bars left of the black dashed line) the CTL (green: 1996; orange: 1997; blue: 1998) and (curves right of the black 
dashed line) the experiments of W96B96 (green), W97B97 (orange), and W98B98 (blue) with variant starting dates from 1-October to 1-January in the corre
sponding year.
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years of 1996–1998, where 1996, 1997, and 1998 represent normal pre- 
El Niño, super El Niño, and super La Niña conditions, respectively. As 
described in the Introduction, December NWL-SLA ranked as medium 
(0.937 m), low (0.854 m), and high (1.005 m) for 1996, 1997, and 1998, 

respectively (Fig. 1b-d). Therefore, we adopted this specific ranking 
pattern of December sea-level changes among the three years as the 
criterion for determining whether super-ENSO-related NWL-SLA is 
properly reproduced in our numerical experiments.

4.1. Is wind the key factor resulting in the super-ENSO-related changes in 
NWL-SLA?

Previous research has identified two potential factors driving ENSO- 
related NWL-SLA: local wind forcing within the SCS that affects basin- 
scale circulation, and remote wind forcing in the Pacific basin that in
fluences Kuroshio variability or wave motion in the northwestern Pacific 
Ocean (Wu and Chang, 2005; Zheng et al., 2007; Zhuang et al., 2013). 
Forced by mean wind forcing and lateral boundary conditions of 
December-1996, December-1997, and December-1998, respectively, the 
Group 2 experiments (WB96d, WB97d, and WB98d; Table 2) are 
designed to examine whether constant December forcing of the three 
years alone can generate super-ENSO-related NWL-SL changes. 
Although these experiments successfully reproduced typical basin-scale 
SSH pattern (Fig. 5), the simulated SSH in the NWL (NWL-SSH) followed 
an incorrect ranking of high (0.462 m), low (0.425 m), and medium 
(0.431 m) for WB96d, WB97d, and WB98d, respectively, instead of the 

Fig. 7. December mean SSH (unit: m) simulated by the experiments of Group 3. (a) W96B96, (b) W97B96, (c) W98B96, (d) W96B97, (e) W97B97, (f) W98B97, (g) 
W96B98, (h) W97B98, and (i) W98B98. The values in the upper-left corner of SSH plots represent the area-averaged SSH over the NWL (white-outlined box).

Table 3 
Summary of Group 4 numerical experiments.

Group Case Name Wind Lateral Boundary Condition 
(LBC)

4 W96Bcd 6-hourly wind in July- 
December (6HR) of 
1996

Climatological December mean 
averaged over 1995–2023 
(CLM-DEC)

W97Bcd 6HR of 1997 CLM-DEC
W98Bcd 6HR of 1998 CLM-DEC
WyyBcdNyy Same as WyyBcd, but daily HyCOM (DHyCOM) of  

the corresponding year at northern boundary;  
yy=96, 97, or 98

WyyBcdEyy Same as WyyBcd, but DHyCOM of  
the corresponding year at eastern boundary;  
yy=96, 97, or 98

WyyBcdSyy Same as WyyBcd, but DHyCOM of  
the corresponding year at southern boundary;  
yy=96, 97, or 98
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expected medium, low, and high sequence. That is, constant December 
forcing cannot accurately drive super-ENSO-related NWL-SL changes. 
Thus, the atmospheric and oceanic forcing responsible for these varia
tions should be time-varying rather than temporally uniform.

To demonstrate the necessity of time-varying forcing, W96B96, 
W97B97, and W98B98 (Group 3; Table 2) were driven by time-varying 
6-hourly wind fields and daily lateral boundary conditions from the 
corresponding years of 1996, 1997, and 1998, respectively. Sensitivity 
tests using different model initialization dates (e.g., 1-December, 1- 
November, 1-October, etc.) were done to ensure how long the experi
ments need to be spun up, and revealed that the December NWL-SSH 
ranking among the three experiments (medium, low, and high for 
normal, El Niño, and La Niña years, respectively) stabilizes once the 
SCSM runs for longer than 5 months, i.e., starting on 1-August (Fig. 6). 
Thus, Group 3 experiments were run for the period of July-December. 
Because the correct ranking of NWL-SSH can be reproduced by the 

Fig. 8. December NWL-SSH (unit: m) simulated by Group 4 experiments.

Fig. 9. December mean wind stress (WS; vectors; unit: N/m2) and wind stress curl (WSC; shading; unit: N/m3) in the vicinity of the NWL (white-outlined box) in (a) 
1996, (b) 1997, and (c) 1998, and (d) Comparison of December mean WSC over the NWL among 1996 (green), 1997 (orange), and 1998 (blue). According to the t- 
test results, all pairwise differences among the three years are statistically significant (p < 0.001). The hourly wind data used for the calculation of WS and WSC is 
obtained from the ECMWF-ERA5.

Table 4 
Summary of Group 5 numerical experiments.

Group Case Name Description

5 WyyBcdEyy- 
SSH

Same as WyyBcdEyy, but velocity, temperature, and 
salinity (UVST) of CLM-DEC and SSH of DHyCOM in 
corresponding year at eastern boundary; yy=96, 97, or 
98

WyyBcdEyy- 
UVST

Same as WyyBcdEyy, but UVST of DHyCOM in 
corresponding year and SSH of CLM-DEC at eastern 
boundary; yy=96, 97, or 98

WyyBcdEyy- 
SSHbt

Same as WyyBcdEyy-SSH, but barotropic SSH of 
DHyCOM in corresponding year at eastern boundary; 
yy=96, 97, or 98

WyyBcdEyy- 
SSHbc

Same as WyyBcdEyy-SSH, but baroclinic SSH of 
DHyCOM in corresponding year at eastern boundary; 
yy=96, 97, or 98
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three experiments (Fig. 7a, e, and i), it indicates that time-varying 
forcing is essential for reproducing super-ENSO-related sea-level 
variations.

4.2. Is the super-ENSO-related NWL-SLA driven by the local wind or 
remote wind?

In Group 3 experiments (Table 2), we use cross-combinations of 
time-varying wind forcing (WF) and time-varying lateral boundary 
conditions (LBC) on the basis of W96B96, W97B97, and W98B98 to 
clarify the relative importance of local and remote forcing in governing 
super-ENSO-related NWL-SLA. Here, WF and LBC can be generally 
considered as local and remote forcing, respectively. Since the genera
tion of the low NWL-SLA has been attributed to local positive WSC off 
the northwestern Luzon in Section 3 of this study, it is worth to first 
examine whether local WSC also dominates low NWL-SLA during super 
ENSO. To address this question, we compare experiments with identical 
LBC but different WF: specifically, W96B96 versus W97B96/W98B96, 
W97B97 versus W96B97/W98B97, and W98B98 versus W96B98/ 
W97B98. If local wind effectively drives super-ENSO-related NWL-SLA, 
the simulated December NWL-SSH should exhibit medium, low, and 
high values in 1996, 1997, and 1998, respectively, when the same LBC is 
applied (i.e., B96, B97, or B98).

When LBCs in 1996 (i.e., B96) are applied, the general SCS SSH 
pattern is well reproduced, including the basin-wide SSH and the NWL- 
SSH. However, the values of NWL-SSH in the experiments of W96B96 
(0.472 m; medium), W97B96 (0.503 m; high), and W98B96 (0.471 m; 
low) do not follow the expected ranking of medium, low, and high 
values (Fig. 7a-c). Similarly, the rankings for NWL-SSH in the other two 
experimental sets with 1997 and 1998 LBCs (B97 and B98) also fail to 
match the expected order (cf. Fig. 7d-f and g-i). These results indicate 

that interannual changes in local wind forcing do not contribute 
significantly to super-ENSO-related NWL-SL variations.

Experiments with the same WF but different LBCs from 1996, 1997, 
and 1998 (i.e., W96, W97, and W98) are compared to assess the role of 
remote forcing originating from outside the SCSM domain. When the WF 
is fixed to 1996, the experiments W96B96, W96B97, and W96B98 
generate the correct ranking of December NWL-SSH: medium (0.472 m), 
low (0.335 m), and high (0.565 m) from 1996 to 1998, respectively 
(Fig. 7a, d, and g). The same NWL-SSH ranking is reproduced when WF 
is fixed to 1997 and 1998 (cf. Fig. 7b, e, and h and Fig. 7c, f, and i), 
showing a consistent response of NWL-SSH to super-ENSO-related 
variability through remote forcing from outside the SCS. This outcome 
is also valid for the most recent super ENSO of 2015–2016 (see Figure S5 
in the supplement).

4.3. Where is the origin of remote forcing?

Group 4 experiments were designed to determine which open 
boundary of the SCSM serves as the entry point for remote forcing. Since 
LBCs represent remote forcing in our model setup, we first established 
baseline cases by replacing the time-varying LBCs in W96B96, W97B97, 
and W98B98 with Climatological December averages (CLM-DEC) at the 
northern, eastern, and southern boundaries (creating W96Bcd, W97Bcd, 
and W98Bcd; Table 3). This configuration eliminates time-varying 
remote signals, allowing local wind variations to regulate NWL-SSH 
changes. The values of NWL-SSH in W96Bcd (0.475 m), W97Bcd 
(0.534 m), and W98Bcd (0.473 m) are higher in 1997 with comparable 
values in the other two years (Fig. 8), corresponding to local WSC 
changes observed in Decembers of 1996, 1997, and 1998 (Fig. 9). Then, 
we reintroduced time-varying LBCs of the corresponding year at indi
vidual open boundaries (northern, eastern, or southern) to determine 

Fig. 10. December NWL-SSH (unit: m) simulated by Group 5 experiments.

Fig. 11. Comparison of SSH components (SSH, SSHbt, and SSHbc; unit: m) in the NWL and the tropical western Pacific (TWP; 128◦E-130◦E, 3◦N-17◦N) for the 
1996–1998. The SSH is based on the CTL simulation.
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the primary entry pathway for remote signals. As revealed in Fig. 8, only 
experiments with time-varying LBCs set at the eastern boundary 
(W96BcdE96, W97BcdE97, and W98BcdE98) can successfully repro
duce the expected ranking of NWL-SSH: medium, low, and high. This 
result demonstrates that super-ENSO-related signals originate from the 
western Pacific Ocean, echoing the results of Zheng et al. (2007), 
Zhuang et al. (2013), and Li et al. (2021).

To examine whether the super-ENSO-related NWL-SSH anomalies 
are driven by wave or current motions, respectively, we conducted the 
following sensitivity experiments. In these runs, either time-varying or 
CLM-DEC LBCs are applied to the SSH and other variables at the eastern 
boundary of the SCSM (WyyBcdEyy-SSH and WyyBcdEyy-UVST; 
Table 4). The correct ranking of NWL-SSH is obtained in experiments of 
WyyBcdEyy-SSH (Fig. 10), showing the dominant role of SSH. Besides, 
the upper-layer (0–300 m) transports across the Luzon Strait (120.78◦E, 
18.5◦N-22◦N) are estimated at 0.27 Sv in December 1996, − 7.25 Sv in 

December 1997, and − 2.17 Sv in December 1998. As stronger Luzon 
Strait transport has been linked to lower NWL-SLA in the literature 
(Zheng et al., 2007; Wu, 2013), the estimated LST seems to correspond 
to the NWL-SSH changes from the El Niño year of 1997 to the La Niña 
year of 1998. However, the mismatched NWL-SSH ranking yielded by 
the WyyBcdEyy-UVST experiments, in which only time-varying SSHs 
were excluded at the eastern boundary of SCSM, rules out the LST as the 
primary controlling factor (Fig. 10). That is, the super-ENSO-related 
NWL-SSH changes are driven by super-ENSO-induced wave motions in 
the tropical western Pacific, rather than ocean currents.

Further, we divided the total SSH in the CTL into barotropic (SSHbt) 
and baroclinic (SSHbc) components. Following the definition of steric 
sea level derived from interior density anomalies (McWilliams et al., 
2024; Storto et al., 2019), the baroclinic component is calculated as 
follows: 

Fig. 12. Routes in (a) blue and (b) purple color used to trace the baroclinic wave motion from the tropical western Pacific (TWP) to the NWL. EP, SM, SP, SN, MS, EC, 
and EL are the primary nodes along the two routes. (c, d) Hovmöller diagrams for the 1997–1998 super ENSO showing the temporal evolution of SSHbc anomaly 
normalized by 3 times of standard deviation from the TWP to NWL along the blue and purple routes, respectively. The white lines in (c) and (d) show the propagation 
of baroclinic waves during the winters of 1997 and 1998, and values next to the white lines are the estimated wave propagation speeds (unit: km/day) for each 
segment. (EP: East of Philippines; SM: South of Mindanao; SP: Sibutu Passage; SN: South of Negros; MS: Mindoro Strait; EC: East of Catanduanes; EL: East of Luzon).
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SSHbc =

∫0

− H

ρ(z) − ρ(x, y, z, t)
ρ0

dz (1) 

where H is the water depth, ρ(z) represents the reference background 
density profile, ρ(x, y, z, t) is the simulated seawater density, and 
ρ0=1025 kg/m3 is the reference seawater density.

Subsequently, the barotropic component, which primarily reflects 
the ocean bottom pressure variations, is obtained by subtracting the 
baroclinic contribution from the SSH: 

SSHbt = SSH − SSHbc (2) 

Based on the CTL simulation, the order of middle-low-high was 
observed in NWL-SSHbc for both super ENSO of 1997–1998 and 
2015–2016, but this order was absent in NWL-SSHbt (Fig. 11 and 
Figure S6). Furthermore, the SSHbc in both the NWL and the tropical 
western Pacific (TWP; 128◦E-130◦E, 3◦N-17◦N) exhibits a consistent 
middle-low-high pattern, implying that super-ENSO-related NWL-SLA 
could originate from the baroclinic sea level changes in the TWP, rather 
than the barotropic sea level changes. This is also supported by applying 
the time-varying baroclinic component of SSH at the eastern boundary 
of the SCSM (WyyBcdEyy-SSHbc), in which the experiment successfully 
reproduces the NWL-SSH ranking of medium, low, high (Fig. 10).

Sequentially, Fig. 12c and d track the SSHbc from the TWP to NWL 
along the blue and purple routes shown in Fig. 12a and b, respectively, 
to examine the pathway of baroclinic wave motion. The SSHbc propa
gated westward at a speed of 15–16 km/day from TWP to EP and 
accelerated along the blue route from EP to NWL at a speed of 180–225 
km/day; then, it continued moving from NWL back to EP along the 
purple route at a slower speed of 150–180 km/day, forming a clockwise 
cycle. The propagation speed during the first stage corresponds with the 
typical first-mode baroclinic Rossby wave speed (Chelton and Schlax, 
1996) and those during the latter two stages are consistent with the 
typical baroclinic coastal Kelvin wave speed (Brink, 1982). It is note
worthy that the propagation speeds of baroclinic waves during 1998 
were faster than those during 1997. This is due to the greater reduced 
gravity (g’) associated with the stronger stratification during 1998, the 
La Niña year, in the tropical western Pacific. The result evidences that 
upwelling (downwelling) baroclinic Rossby waves associated with 
negative (positive) SLAs propagate westward during El Niño (La Niña) 
years. After impinging on the Philippine coast, they transform into 
coastal trapped waves, propagate clockwise along the coast, arrive at the 
northern SCS, and finally regulate the SSH in the NWL.

Because there are three main gaps in the Sibutu Passage (SPe, SPm, 
and SPw; Fig. 13a), we further compare the time series of SSHbc at the 
three gaps with NWL-SSHbc. The magnitude of SSHbc in the SPw is 
significantly greater than the other two (Fig. 13b), showing that the SPw 
acts as the primary pathway for wave propagation whereas waves in the 
other two channels dissipate rapidly due to their shallow depths.

5. Discussions

In this study, we have examined the super-ENSO-related sea level 
changes in the NWL and explored the mechanism regulating the NWL- 
SLA during super ENSO. Since sea level changes are always tied to up
welling intensity changes, which greatly influence the surrounding 
biogeochemical distribution, changes in NWL vertical velocity, which 
directly reflects the upwelling intensity, during the two super ENSO of 
1997–1998 and 2015–2016 are further examined (Fig. 14 and S7). We 
found that changes in vertical velocity show orders of large-small- 
middle for the 1997–1998 super ENSO and middle-small-large for the 
2015–2016 super ENSO, which do not align with the order of middle- 
low-high for NWL-SLA. In other words, the sea level change is not a 
reliable indicator to reflect the upwelling intensity change in the NWL 
during super ENSO. Instead, the vertical velocity change shows a good 
consistency with the change in WSC-induced Ekman pumping velocity. 
This scale-decoupling process off northwestern Luzon mirrors the 
broader event-to-event differences across the SCS during the 1997/1998 
and 2015/2016 super ENSO cycles, which manifested as extreme basin- 
scale warming (Xiao et al., 2020a) and non-uniform coastal upwelling 
responses (Xiao et al., 2020c).

Fig. 13. (a) SPe, SPm, and SPw denote the three main gaps in the Sibutu 
Passage. (b) Time series of SSHbc (unit: m) at the three main gaps (SPe, SPm, 
SPw) of Sibutu Passage and NWL-SSHbc for the 1997–1998 super ENSO.

Fig. 14. The depth-averaged (0–50 m) vertical velocity (unit: m/day) and wind 
stress curl induced Ekman pumping velocity (we = WSC/ρ0f = 1.54 × 106 ×

WSC; unit: m/day) averaged over the NWL for the 1996–1998.
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Further, relative vorticity budget within the ocean mixed layer 
(MVB) is adopted to explain the inconsistency between NWL-SLA and 
vertical velocity during super ENSO. The vertically integrated relative 
vorticity equation (e.g., Gan et al., 2016; Wang et al., 2023) over the 
mixed layer is diagnosed as follows:  

where the tilde (∼) denotes a vertical integral from the sea surface (z =
0) to the climatological monthly mixed layer base (z = − hMLD(x,y,m)), 
and the angle brackets (〈⋅〉) denote the horizontal spatial average over 
the NWL area. The velocity and vorticity fields are evaluated from daily 
snapshots of the CTL, while the integration depth is determined from the 
climatological monthly mixed layer depth. The relative vorticity is 
defined as ζ = (∇ × U)z = ∂v/∂x − ∂u/∂y, where U = (u, v) denotes the 
horizontal velocity vector, w is the vertical velocity. we represents the 
effective cross-boundary velocity across the mixed layer base, including 
the vertical velocity and the horizontal advection across the sloping 
mixed layer boundary (we > 0 denotes into the mixed layer). Addi
tionally, the meridional gradient of the Coriolis parameter f is given by β 
= ∂f/∂y, and ρ0 is the reference seawater density. Finally, τ is the sea 
surface wind stress vector, and R encapsulates the residual forces, un
resolved subgrid-scale processes, and the unresolved stress curl at the 
integration boundary.

As revealed in Fig. 15, the WSC and the stretching term (STR) 
constitute the leading order balance within the mixed layer. Besides, the 
magnitudes of WSC and STR far exceed those of the horizontal advection 
(HADV) and the planetary β-effect (BETA). This distinct balance pro
vides a rigorous explanation for the strong coupling between the wind 
field and the vertical motion. The positive WSC physically drives an 
upward Ekman pumping velocity at the base of the mixed layer. As this 
vertical motion attenuates through the shallow mixed layer, it induces a 
significant vertical velocity gradient (∂w/∂z), which is instantaneously 
converted into intense negative vortex stretching (STR). Furthermore, 
the MVB reveals that the TEN remains negligibly small across all 
analyzed years, despite the massive opposing forces of WSC and STR. In 
fluid dynamics, this near-zero tendency indicates that the mixed layer 
maintains a rapid, quasi-steady geostrophic adjustment. Rather than 
accumulating vorticity locally over time, the intense fluid convergence 

or divergence driven by the episodic wind events is efficiently balanced 
by the stretching term on synoptic timescales. Consequently, the local 
relative vorticity evolution and the vertical motion are dynamically 
locked together, functioning as a direct, real-time response to the pre
vailing wind stress curl anomalies over the NWL.

The MVB analysis highlights that Horizontal Advection (HADV) and 

the Beta Effect (BETA) within the mixed layer are negligible compared 
to WSC and STR. This is the crucial point for explaining the inconsis
tency with total/baroclinic SLA. Total SLA and baroclinic SLA in the 
NWL during super ENSO are heavily weighted by the baroclinic mode, 
which depends on the slow, large-scale advection of density and the 
displacement of the deep thermocline far below the mixed layer. Within 
the mixed layer, a strong wind event can instantly stir up WSC, trigger 
and deform the free surface within days. However, this high-frequency 
energy is confined to the mixed layer and the fast-propagating baro
tropic mode. The deep baroclinic thermocline, which possesses massive 
available potential energy (APE), remains undisturbed by these tran
sient mixed-layer budget fluctuations. Because the mixed layer dy
namics are inherently high-frequency and decoupled from the slow, 
high-inertia advective adjustments (HADV/BETA) of the deep thermo
cline, the system exhibits a classic scale-decoupled state. Thus, the 
transient drivers within the mixed layer (WSC ≈ w ≈ STR) are perfectly 
phase-locked, yet they remain collectively independent of the total/ 
baroclinic SSH field.

6. Conclusions

Previous studies documented that low SLA off the northwestern coast 
of Luzon (NWL-SLA) in the South China Sea (SCS) were unusually 
elevated during winter 1998, when a super La Niña occurred following 
the strongest El Niño of the 20th century. The present study first 
examined satellite remote sensing December sea-level data to determine 
whether the low NWL-SLA consistently respond to both the 1997/1998 
and 2015/2016 super ENSO. Our analysis reveals that December mean 
NWL-SLA rank as medium during normal pre-El Niño years, low during 
El Niño years, and high during La Niña years in both events. This super- 
ENSO-related pattern was successfully reproduced by the control 

Fig. 15. Vertically integrated relative vorticity budget within the ocean mixed layer (MVB) during 1997–1998 and 2015–2016 super ENSO. Individual terms 
represent the local tendency (TEN), planetary β-effect (BETA), horizontal advection (HADV), vortex stretching (STR), vertical advection (VADV), vertical boundary 
flux (VBF), surface wind stress curl (WSC), and the residual/dissipation (RES). Unit is 1/s2.

〈
∂ζ̃
∂t

〉

⏟̅̅⏞⏞̅̅ ⏟
TEN

= 〈 − βṽ〉
⏟̅̅̅ ⏞⏞̅̅̅ ⏟

BETA

+ 〈 − ̃(U⋅∇ζ)〉
⏟̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅⏟

HADV

+ 〈 − ̃((ζ + f)∇⋅U)〉
⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟

STR

+

〈

−
̃(

w
∂ζ
∂z

)〉

⏟̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅⏟
VADV

+
〈
ζ|− hwe

〉
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+
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1
ρ0
(∇ × τ)z

〉
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simulation of the well-validated three-dimensional SCSM, which incor
porated realistic bottom topography, surface heat and momentum fluxes 
based on atmospheric reanalysis, and lateral boundary conditions 
derived from HyCOM data assimilation products.

Using the well-validated SCSM, we conducted a series of numerical 
experiments to systematically elucidate the dynamical processes driving 
low NWL-SLA genesis and its super-ENSO-related variations. Our find
ings demonstrate that local positive WSC off northwestern Luzon serves 
as the primary generator of low NWL-SLA during winter, rather than SCS 
basin-scale circulation or remote forcing from outside the basin. How
ever, the NWL sea-level changes are controlled by remote signals in the 
tropical Pacific Ocean during super ENSO, but not the local positive WSC 
changes or ocean current variability near the Luzon Strait. We further 
clarify that these remote signals are contributed by the baroclinic 
component of SLA and propagate westward as baroclinic Rossby waves 
in the tropical western Pacific, then transform into baroclinic coastal 
Kelvin waves upon reaching the Philippine coast, and enter the SCS 
clockwise through the southernmost gap of Sibutu Passage and Mindoro 
Strait. Furthermore, since strengthened stratification in the tropical 
western Pacific during La Niña years amplifies the reduced gravity, the 
propagation of baroclinic waves accelerates relative to El Niño years.

Besides, the interannual variability of vertical velocity is found to 
misalign with the NWL-SLA during super ENSO, implying that the sea 
level change is not a reliable indicator to reflect upwelling intensity 
change for a super ENSO cycle from a normal pre-El Niño year to a La 
Niña year. The deviation between NWL-SLA and vertical velocity during 
super ENSO highlights a scale-decoupling between the mixed layer and 
deep ocean. While vertical velocity acts as a high-frequency response to 
wind stress curl, the SLA is determined by the low-frequency advective 
adjustments of the deep thermocline, which remains unperturbed by 
transient mixed-layer budget fluctuations.

This study advances our understanding of how the wintertime low 
NWL-SLA responds to super ENSO and elucidates the underlying 
dynamical mechanisms driving these responses.
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